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Headwater-resident fishes may be prone to a high rate of isolation and a pronounced hierarchical
genetic structure due to a combination of niche preference and dendritic effects of river networks.
Genetic isolation patterns were compared using microsatellites in six headwater fishes, Fundulus oli-
vaceus, Semotilus atromaculatus, Erimyzon claviformis, Etheostoma artesiae, Etheostoma whipplei
and Etheostoma parvipinne, in three geographic regions that included drainages of small, medium and
large sizes in the southern United States. All species showed hierarchical nesting of genetic populations
and there were clear and mostly consistent differences between species and regions that were identi-
fied through summary statistics derived from two independent analyses. For species comparisons, a
high isolation grouping (increased number of isolated genetic clusters or sites within regions) and a
low-isolation grouping (decreased number of clusters or sites) were identified. Species group place-
ment was related to niche breadth along the river continuum and presumed abundance and variability of
preferred microhabitats, with increased headwater specialization among species being associated with
placement in the high-isolation grouping. There was a weakly significant positive effect of drainage
size on the number of isolated clusters or sites across all species. Regional patterns were shared in
two species, with the region containing the smallest drainages having lower rates of isolation in both
datasets. This study shows the effects of regional and species characteristics on genetic isolation for
headwater species, which are especially prone to isolation due to spatial, dendritic effects of river
networks.
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INTRODUCTION
The occurrence and spatial distribution of preferred habitats for many fish species
can be broadly predicted using a linear ecological gradient of stream size within most
river systems (Vannote et al., 1980). Dispersal patterns for species in drainage networks
are strongly influenced by this spatial distribution and the arrangement of specific
habitats tends to follow the associated hierarchical, dendritic structure of the system
(Lowe et al., 2006; Grant et al., 2007). This relationship can lead to genetic structure
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patterns that mirror the network spatial arrangement, described by the stream hierar-
chy model (SHM), which predicts increased gene flow within nested tributary systems
in the drainage network and reduced gene flow between such systems (Meffe & Vri-
jenhoek, 1988; Hughes et al., 2009). Hierarchical genetic population structure patterns
similar to those predicted by the SHM have been reported in large-bodied stream fishes
with an inferred increased dispersal ability (Castric et al., 2001; Whiteley et al., 2006;
Vähä et al., 2007; Warnock et al., 2010; Harris et al., 2014) and small-bodied stream
fishes with an inferred limited dispersal ability (Austin et al., 2011; Brauer et al., 2013;
Ginson et al., 2015).
The relevant scale of high gene flow between populations in the SHM is probably
dependent upon the specific habitat requirements of the species, with generalist species
having high rates of gene flow across broader scales, such as a whole river drainage
and specialized species having high rates of gene flow across smaller scales, such as
within nested tributary systems. Headwater species, due to their habitat restriction in
the upper branches of the network, have the potential for smaller spatial scales of gene
flow in this model and therefore may have increased rates of genetic isolation between
tributary systems at the drainage scale, forming an increased number of isolated genetic
clusters or sites within drainages (Meyer et al., 2007; Schmidt & Schaefer, 2017).
Although headwater streams generally dominate the landscape within drainages
(70–80% of the total area), network distance between specific headwater stream
reaches could be large due to dendritic branching, and dispersal paths may also cross
much larger streams that could reduce dispersal for headwater specialists (Sidle et al.,
2000; Fagan, 2002; Downing et al., 2012; Altermatt, 2013). In particular, large river
habitats may form barriers to gene flow as headwater specialization increases, probably
leading to pronounced hierarchical population structure at the drainage level reflective
of a nested tributary arrangement (Heinz et al., 2009; Schmidt & Schaefer, 2017).
Additionally, both dendritic effects of the network and unidirectional downstream
flow with an associated increased cost of upstream dispersal may promote genetic
isolation in headwaters (Labonne et al., 2008; Morrissey & de Kerckhove, 2009;
Paz-Vinas et al., 2015).
Possibly in part due to this natural isolating effect of dendritic networks, headwater
specialist species have high rates of endemism and have a high proportion of threat-
ened or endangered species (Etnier, 1997; Meyer et al., 2007). Specific threatened
or endangered headwater species tend to have restricted ranges, lowered population
sizes and populations isolated into distinct genetic clusters (Austin et al., 2011; Ster-
ling et al., 2012). Additionally, such species may have anthropogenic stressors in their
resident systems. Some traditional stressors that have been identified as affecting head-
water streams are mining, canalization, water withdrawal, culverts, impoundments,
land development and agricultural runoff (Freeman et al., 2007; D’Ambrosio et al.,
2009; Daniel et al., 2014). New technology and practices can lead to emerging stressors
as well, such as increased siltation from hydraulic fracturing for natural gas extraction
(Entrekin et al., 2011; Stearman et al., 2015). Because genetic isolation in headwa-
ter systems appears to be an intrinsic pattern of dendritic systems, it can be useful to
examine what isolating factors are present in stable populations (common species) to
provide comparison for threatened or endangered species to better understand the inter-
action between natural isolating processes and specific stressors or conditions that lead
to imperilment (Whiteley et al., 2006).
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Recently, many studies have used a multi-species approach to compare population
genetic patterns, including those focused in river systems (Quezada-Romegialli et al.,
2010; Szumowski et al., 2012; Carson et al., 2014; Schmidt et al., 2014; Galbraith
et al., 2015; Hanna et al., 2015; Fourtune et al., 2016; Hermoso et al., 2016). Such
an approach can be useful for examining the effect of specific characteristics of the
study species on genetic patterns in common environments. However, it is often diffi-
cult to compare the complicated results of such analyses as the number of species and
regions increases.
The goal of this study was to examine within drainage genetic-isolation patterns
across multiple common species of headwater fish with varying specific habitat
associations. Regional effects were also compared for these species across three
distinct geographic regions including drainages of various sizes. Another goal of the
study was to provide a simple but effective method for summarizing and directly
comparing genetic-isolation patterns from commonly used population genetics soft-
ware (Structure and Migrate) across multiple groups and regions. It was predicted
that all headwater species studied would exhibit nested, hierarchical patterns of
gene flow similar to patterns predicted by the SHM. The rate of genetic isola-
tion was predicted to increase with drainage size, as dispersal pathways become
longer. It was also predicted that species differences in isolation patterns would
be repeatable across different regions and relatable to ecological characteristics
of the species.
MATERIALS AND METHODS
The species chosen for the study were the blackspotted topminnowFundulus olivaceus (Storer
1845), the creek chub Semotilus atromaculatus (Mitchill 1818), the western creek chubsucker
Erimyzon claviformis (Girard 1856), the redspot darter Etheostoma artesiae (Hay 1881), the
redfin darter Etheostoma whipplei (Girard 1859) and the goldstripe darter Etheostoma parvip-
inne Gilbert & Swain 1887. The redfin darter group, E. artesiae and E. whipplei, are sister
species with disjunct distributions that likely have similar ecological traits and requirements
(Piller et al., 2001; Schmidt & Schaefer, 2017). There is large variation across microhabitat
preferences for the six study species (Table I), but all have at least part of their ecological niche
with residence in headwater streams.
The three regions studied consisted of a paired neighbour drainage design (2 per region)
located in Mississippi and Arkansas (southern U.S.A.) and were arranged such that there was
a region with a lower in-network river distance (DR) between sites, a region with a medium
distance between sites and a region with a high distance between sites. The low-distance
region was the lower Mississippi River (LMR) in Mississippi (average pairwise DR across
all species= 119·24 km) consisting of Bayou Pierre and the Big Black River (Fig. 1). The
medium-distance region was the White River (WH) in Arkansas (average pairwise DR across
all species= 154·38 km) consisting of the Black River, small independent drainages along
the middle White River and the Little Red River (Fig. 1). The large-distance region was the
Gulf coastal plain (GCP) in Mississippi (average pairwise DR across all species= 302·07 km)
consisting of the Pascagoula and Pearl drainages (Fig. 1). Four headwater species were
sampled in each region, with three species being sampled in all regions and the fourth
being unique for each region. Fundulus olivaceus, S. atromaculatus and E. oblongus, were
sampled from across the three regions and three darter species were each only sampled in
one region because sampling could not identify a single headwater darter species that was
common in all three regions. Etheostoma artesiae was sampled in the LMR region, E. whipplei
was sampled in the WH region and E. parvipinne was sampled in the GCP region. For E.
whipplei in the WH region, the sampled areas were the Little Red and the Middle White,
due to a low occurrence rate of the species in the Black River, while the other three species
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Table I. Microhabitat associations† and microsatellite loci‡ for six species from river
headwaters in three regions
Species Microhabitat Microsatellite loci
Fundulus olivaceus Stream margins, Fno-56a, Fno-91a, Fno-112a, Fno-261a
Backwaters Fh-6b, Fh-20b, Fh-101Bb, Fh-103Bb
Semotilus atromaculatus Pools, root wads Sat-403c, Sat-406c, Sat-407c, Sat-409c
Undercut banks, runs Sat-411c, Sat-412c, Sat-413c, Sat-414c
Erimyzon claviformis Pools, runs Mohu-Lav-229d, Mohu-Lav-294d,
Mohu-Lav-336d, US-4e
Muddy substrate US-6e, Ce-13sf, Ce-52f, Ce-146f
Etheostoma artesiae Gravel and cobble Eca-6g, Eca-11g, Eca-37g, Eca-49g
Substrata Eca-70g, Esc-18h, Esc-26h, Esc-132h
Etheostoma whipplei Gravel and cobble Eca-6g, Eca-11g, Eca-37g, Eca-49g
Substrata Eca-70g, Esc-18h, Esc-26h, Esc-132h
Etheostoma parvipinne Leaf litter, Eca-11g, Eca-44g, Eca-46g, Eca-71g
Canopy covered Esc-18h, Esc-26h, Esc-132h, EOsD-107i
†Habitat references: Meffe & Sheldon, 1988; Ross, 2001; Smiley, Dibble & Schoenholtz, 2005; Schaefer
et al., 2009; Stearman et al., 2015.
‡Letters associated with loci correspond to the following species and reference: a, the blackstripe topmin-
now Fundulus notatus (Feldheim et al.; 2014); b, the mummichog Fundulus heteroclitus (Adams et al.,
2005); c, S. atromaculatus (Skalski & Grose, 2006); d, the copper redhorseMoxostoma hubbsi (Lippé et al.,
2004); e, the Utah sucker Catostomus ardens (Cardall et al., 2007); f, the blue sucker Cycleptus elongatus
(Bessert et al., 2007); g, the rainbow darter Etheostoma caeruleum (Tonnis, 2006); h, the Cherokee darter
Etheostoma scotti (Gabel et al., 2008); i, the candy darter Etheostoma osburni (Switzer et al., 2008).
in this region were sampled in the Little Red and Black River drainages. All sampling was
done in Mississippi and Arkansas (i.e. no sampling was done in the Missouri portion of
the Black River).
Fifteen fish were sampled for each species at six locations in each drainage (36 total
sampling locations for F. olivaceus, S. atromaculatus and E. claviformis and twelve total
sampling locations for E. artesiae, E. parvipinne and E. whipplei) (Fig. 2; locality and species
composition of specific sites in Supporting Information Table S1). Sampling was performed
by backpack electrofishing and seining, which was exclusively used in areas of occurrence of
non-target endangered species (the yellowcheek darter Etheostoma moorei Raney & Suttkus
1964 in the Little Red and the bayou darter Etheostoma rubrum Raney & Suttkus 1966 in
Bayou Pierre). Furthermore, areas of known high occurrence of these two endangered species
were avoided in the sampling design. Sampling in Mississippi occurred from 2010–2011
and sampling in Arkansas occurred in 2012. Fish were anaesthetized with MS-222 and a
small fin clip was taken from the caudal fin for genetic material. Species vouchers were
preserved in 10% formalin and other individuals were released at sites after tissue removal.
Fin clips were preserved in either a saturated salt buffer solution (SED) or 100% ethanol.
A total of 540 fin clips were collected per species for F. olivaceus, S. atromaculatus and E.
claviformis and a total of 180 fin clips were collected per species for E. artesiae, E. parvipinne
and E. whipplei.
DNA was extracted using the DNAeasy Tissue Kit (QIAGEN Inc.; www.qiagen.com). Eight
microsatellite loci were amplified by PCR for each species (Table I). Amplifications were
done in a 12·5 μl reaction containing 50 mM KCl, 10 mM Tris–HCl (pH 8·3), 0·01% gelatin,
1·5 mM MgCl2, 200 μM deoxynucleotide triphosphate (dNTP), 0·188 units of Taq polymerase
(Promega; www.promega.com), 0·3 μM of M13 tailed forward primer (Boutin-Ganache et al.,
2001), 0·3 μM of the reverse primer, 0·1 μM of the M13 labelled primer (LI-COR Biosciences;
www.licor.com), 20–100 ng of the template DNA and water to reach the final volume. PCR
conditions consisted of an initial denaturing step at 94∘ C for 2 min, followed by 35 cycles of
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Fig. 1. The three study regions located in the south central United States: AL, Alabama; AR, Arkansas; LA,
Louisiana; MS, Mississippi; MO, Missouri.
94∘ C for 30 s, 56∘ C for 1 min and 72∘ C for 1 min. After the 35 cycles, a final elongation step
at 72∘ C for 10 min was performed. Microsatellite alleles were visualized on acrylamide gels
using a LI-COR 4300 DNA analysis system and scored using Gene ImagIR 4·03 (Scanalytics
Inc.; www.scanalyticsinc.com).
The program GENEPOP 4·2 (Raymond & Rousset, 1995) was used to perform exact tests
for deviations from Hardy–Weinberg equilibrium (HWE) per sampling location and linkage
disequilibrium (LD) per locus. Bonferroni corrections were used to adjust significance val-
ues of Hardy–Weinberg equilibrium (HWE) and LD tests. The program Micro-checker 2·2
(van Oosterhout et al., 2004) was used to investigate the presence of null alleles per locus.
Loci that were identified as having widespread, significant deviations from HWE or LD
or being identified as probably having null alleles were removed from the dataset prior to
further analysis.
In order to compare population genetics results across different groups that were genotyped
at different molecular markers, it is necessary to first identify basic patterns across the datasets,
such as genetic diversity to assess if the power to detect trends in the data is similar across
groups. Therefore, preliminary patterns of mean allelic richness standardized by the number
of individuals (Â) and expected heterozygosity (HE) were assessed for each site using the R
package PopGenReport (Adamack & Gruber, 2014) across the six species.
Genetic-isolation rates were assessed independently through two different statistical pro-
grams. The Bayesian inference based program Structure 2·3·4 (Pritchard et al., 2000) was used
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Fig. 2. Six headwater fish species sampling locations ( ) in (a) the Gulf Coastal Plain, (b) White River and (c)
lower Mississippi River study regions. Drainage areas: PG, Pascagoula; PR, Pearl; BP, Bayou Pierre; BB,
Big Black; BL, Black; MW, middle White; and LR, Little Red; States: AL, Alabama; AR, Arkansas; LA,
Louisiana; MS, Mississippi; MO, Missouri.
to probabilistically determine the most likely number of distinct genetic clusters (K) in the
dataset. A hierarchical approach similar to the methods used by Vähä et al. (2007) and Harris
et al. (2014) was employed. In this method, identified genetic clusters are run subsequently in
the program in independent analyses to look for more fine-scale population structure. Sample
locations were assigned to clusters for the subsequent hierarchical level of analysis based on
their population Q scores (assignment for the population went to the highest Q score). This
process was repeated with further rounds of analysis until a K of one was achieved, or groupings
corresponded to individual sample locations. Larger datasets (540 individuals for F. olivaceus,
S. atromaculatus and E. claviformis) were run with a burn-in length of 5 000 000 followed by
a Markov chain Monte-Carlo (MCMC) length of 500 000 for assumed K values of one to 20,
with 20 iterations per each assumed K value. All other analyses (180 individuals or less) were
run with a burn-in length of 500 000 followed by an MCMC length of 150 000 for assumed K
values of the number of sample locations in the dataset plus two, with 20 iterations per each
assumed K value. The admixture model was selected and sampling locations were used as
prior information (Hubisz et al., 2009). The program Structure Harvester (Earl & vonHoldt,
2012) was used to collate the data and examine delta K values based on the Evanno et al.
(2005) method, which were used to determine the best number of clusters during each round
of analysis. Panmixia (K = 1·0) was determined by having flat mean likelihood profiles across
the different values of K and having low ΔK values (<2·0). Individual and population Q scores
were averaged across replicates for the best value of K using the program Clumpp (Jakobsson
& Rosenberg, 2007) and subsequently visualized with the program Distruct (Rosenberg, 2004).
The average population Q scores were summarized for each hierarchy level in the analysis for
each study species. To compare results across groups and statistical methods, a new summary
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statistic for Structure specifying the regional-isolation rate (IRStruct) is introduced, calculated as
the ratio of the number of drainage-specific unique genetic clusters within regions (n) divided
by the number of sample sites within those regions (N) (range is from 0·167 (nN−1; n= the
number of drainages; two for each region), indicating panmixia for both drainages in the region,
to 1 (nN−1; n=N), indicating each sample site was a distinct genetic cluster).
The program Migrate 3·64 (Beerli & Felsenstein, 2001) was used to estimate mutation scaled
effective population sizes (𝛩) and mutation scaled migration rates between sites (M) within
drainages. Analyses were performed independently for each species and drainage combination
and all analyses were performed with a full migration model (each population was allowed to
independently receive and donate gene flow to all other populations), with populations corre-
sponding to sample sites. The Bayesian inference based option of the program was used with a
Brownian motion mutation model, original genealogies from a unweighted pair group method
with arithmetic mean (UPGMA) tree and original parameter estimates for 𝛩 and M derived
from FST calculations. Several exploratory runs were performed to determine chain-length set-
tings for parameter convergence (assessed through unimodality of parameter distributions and
high effective sample size scores across parameters) and optimal prior distributions for 𝛩 and
M across all species and drainages. Uniform prior distributions for 𝛩 and M were set at 0·01
to 20·00 and 0 to 100, respectively, for all analyses. The Metropolis-Hastings sampling option
was used on proposal distributions for parameter estimates. The number of recorded steps in
the chain was 500 000, with a burn-in of 100 000 steps. The static heating option was used with
four chains at the following temperatures: 1·0, 1·5, 3·0 and 1 000 000·0. The average number of
immigrant individuals per generation (Nem) for all estimated migration pathways were deter-
mined by multiplying the modal value ofM into a population by the modal value of 0·25𝛩 for the
same receiving population (Hänfling & Weetman, 2006). Total Nem for each site was then cal-
culated by summing these values for all donor migration pathways and genetically isolated sites
were then defined as having a total Nem< 1·0, indicating the population is undergoing genetic
divergence across sample sites due to the combined effects of genetic drift and low immigra-
tion rates. To compare results across groups and statistical methods a new summary statistic for
Migrate specifying the isolation rate (IRMig) is introduced, calculated for each region by dividing
the number of identified isolated sites (n) by the total number of sites in the region (N) (range
is from 0 (nN−1; n= 0), indicating all sites with total Nem> 1, to 1 (nN−1; n=N), indicating all
sites with total Nem< 1).
To assess the agreement of the results for the two different statistical methods, linear regres-
sions were performed between IRStruct and IRMig and IRStruct and average total immigrant Nem
per site. To determine the effects of drainage size and river distance of dispersal pathways in the
network on isolation, pairwise river distances (DR) between all sites within drainages were mea-
sured using the National Hydrography Dataset (NHD) plus 2 dataset (Horizon Systems; www
.horizonsystems.com) in ArcGIS (www.arcgis.com). Effects on isolation patterns were assessed
through linear regressions of average DR per site with IRSruct and IRMig values within drainages.
To determine differences in gene flow patterns across species, Analyses of variance (ANOVA)
were performed on all log(Nem+ 1) values within regions, with significant differences between
species being determined through Tukey’s honestly significant difference (HSD) post hoc anal-
ysis. To determine differences in gene flow patterns across regions, ANOVAs were performed
on log(Nem+ 1) values within species datasets (only for F. olivaceus, S. atromaculatus and E.
claviformis), with significant differences in gene-flow patterns between regions being deter-
mined through HSD post hoc analysis. Prior to all ANOVA analyses, homogeneity of variances
across groupings was assessed using Levene’s test and datasets that violated assumptions of
homogeneity were instead run with an ANOVA model using Welch’s F statistic and differences
in groups were determined using Games-Howell post hoc analysis. All statistical procedures
and genetic diversity estimates were performed in R 3·3·1 (www.r-project.com).
The two introduced summary statistics IRSruct and IRMig can be useful to validate results
between complimentary methods for determining genetic structure patterns or to compare dif-
ferences across regions or species in comparative studies, however there are some cautions that
should be noted when employing these methods. Both of these values are strongly dependent
upon sampling design and therefore when comparing across species and regions it is imperative
that similar designs are used for the intended comparisons to minimize bias (i.e. only sampling
in headwaters v. having mixed headwater and large-river sample sites which could influence
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Table II. Genetic diversity calculations† across six species from river headwaters in three
regions
Species LMR GCP WH Species mean‡
Fundulus olivaceus Â 8·06 7·82 6·40 7·43
HE 0·75 0·71 0·67 0·71
Semotilus atromaculatus Â 5·95 3·28 5·03 4·75
HE 0·70 0.40 0·64 0·58
Erimyzon claviformis Â 6·23 6·48 5·17 5·96
HE 0·78 0·78 0·67 0·74
Etheostoma artesiae Â 6·37 – – 6·37
HE 0·75 – – 0·75
Etheostoma whipplei Â – – 6·82 6·82
HE – – 0·67 0·67
Etheostoma parvipinne Â – 8·78 – 8·78
HE – 0·83 – 0·83
Region average Â 6·65 6·59 5·86 –
HE 0·74 0·68 0·66 –
†Â, mean allelic richness standardized by the number of genotypes; HE, expected heterozygosity.
‡Species means were previously reported in Schmidt & Schaefer, 2017.
LMR, Lower Mississippi River; GCP, Gulf Coastal Plain; WH, White River.
intrinsic and extrinsic effects on genetic patterns). In particular, mixed datasets (differing in
sampling design, sampling time frame, or type of molecular marker) probably do not lend
themselves well to these statistics because of the probable presence of confounding effects.
RESULTS
M I C RO S AT E L L I T E L O C I
Two loci for E. claviformis (Mohu-Lav229 and Ce-146) showed widespread
significant deviations from HWE across sampling locations and one of those two
(Mohu-Lav229) also showed a possible presence of null alleles. Additionally, two loci
for E. parvipinne (Eca-71 and Esc-18) showed moderate deviations from HWE across
sampling locations. Therefore, these four loci were not used in further analyses. No
other loci showed widespread significant deviations from HWE, deviations from LD,
or the presence of null alleles.
G E N E T I C D I V E R S I T Y
Genetic diversity patterns were similar across the six datasets, with a few deviations
(Table II). Semotilus atromaculatus had much lower values for Â and HE than the other
datasets in the GCP region. Values for Â and HE for S. atromaculatus obtained in the
other two regions were not very different than those obtained for other species, indicat-
ing that the low values in the GCP region for this species are probably due to a regional
effect rather than an inherent molecular marker difference. Excluding the GCP region
for S. atromaculatus, the average Â value across all datasets was 6·65 and the average
HE value was 0·72.
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S T RU C T U R E
For the Structure analyses involving the species sampled in all regions, there were two
or three hierarchy levels (mean= 2·5) found for F. olivaceus (Supporting Information
Fig. S1), three or four levels (mean= 3·67) for S. atromaculatus (Supporting Informa-
tion Figs. S2, S3) and two or three levels (mean= 2·83) for E. claviformis (Supporting
Information Fig. S4). For the darter species, the hierarchical population structure con-
sisted of two levels for E. artesiae (Supporting Information Fig. S5), three levels for E.
whipplei (Supporting Information Fig. S6) and two levels forE. parvipinne (Supporting
Information Fig. S7).
Most of the genetic clustering in the upper hierarchical levels across species cor-
responded to drainage and region divisions. For the species sampled across all three
regions, individual drainages in the GCP and WH regions tended to separate out inde-
pendently in the first level of Structure analysis (with the exception being the Black
drainage for F. olivaceus, which initially grouped with the LMR drainages). On the
other hand, drainages in the LMR region (Bayou Pierre and Big Black) did not separate
into independent genetic clusters until the second level in the hierarchical analysis for
all three species. For the species only sampled in one region, E. artesiae and E. whip-
plei had drainage based clusters for the first round of analysis, while E. parvipinne had
a more complex sub-drainage cluster arrangement for the first round. Across species,
finer-scale within drainage groupings tended to follow tributary system co-occurrence
of sites and proximity of tributary networks along the main stem of the drainage. There
were only three cases of drainage wide panmixia (no sub-structure present) and all
three cases occurred in the LMR region: Bayou Pierre for F. olivaceus and Big Black
for S. atromaculatus and E. claviformis.
There were two isolation groupings that were identified as having shared, similar
IRStruct values across the six species (similar number of genetic clusters across regions)
(Table III). Fundulus olivaceus and the redfin darter species, E. artesiae and E.
whipplei, had lower IRStruct values (average IRStruct = 0·53, equivalent to 3·18 genetic
clusters per drainage) and E. claviformis, S. atromaculatus and Etheostoma parvipinne
had higher IRStruct values (average IRStruct = 0·71, equivalent to 4·26 genetic clusters
per drainage). Regionally, across all species the LMR region had a lower IRStruct
average across species (average IRStruct = 0·42, equivalent to 2·52 genetic clusters
per drainage) than the WH and GCP regions, which both had similar higher values
(average WH IRStruct = 0·73, equivalent to 4·38 genetic clusters per drainage; average
GCP IRStruct = 0·77, equivalent to 4·62 genetic clusters per drainage).
M I G R AT E
Gene-flow patterns obtained from Migrate analyses also showed two isolation
groupings across species: a high gene-flow group (average total immigrant Nem
per site= 62·49± 20·72) consisting of F. olivaceus and the redfin darters, E. arte-
siae and E. whipplei and a low gene-flow group (average total immigrant Nem per
site= 26·96± 12·62) consisting of E. claviformis, S. atromaculatus and E. parvip-
inne (Table III). Likewise, the rate of occurrence of genetically isolated sites (total
immigrant Nem< 1) identified by the analysis, IRMig, showed two isolation groupings:
a low-isolation group (average IRMig = 0·24, equivalent to 1·44 isolated sites per
drainage) consisting of F. olivaceus, the redfin darters, E. artesiae and E. whipplei
and E. claviformis and a high-isolation group (average IRMig = 0·52, equivalent to
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Table III. Genetic isolation (IRStruct and IRMig), mean gene flow (Nem)†, and mean river dis-
tance (DR) patterns across six species from river headwaters in three regions with assignment
into Lower or Higher within-drainage genetic isolation categories
Species Variable LMR WH GCP
Species
average
Isolation
grouping
F. olivaceus IRStruct 0·50 0·67 0·42 0·53 Lower
IRMig 0·17 0·17 0·08 0·14 Lower
Nem 60·61 54·88 87·81 67·77 Lower
DR (km) 108·95 165·07 304·23 192·75 –
E. artesiae IRStruct 0·50 – – 0·50 Lower
IRMig 0·33 – – 0·33 Lower
Nem 53·58 – – 53·58 Lower
DR (km) 100·39 – – 100·39 –
E. whipplei IRStruct – 0·58 – 0·58 Lower
IRMig – 0·25 – 0·25 Lower
Nem – 55·57 – 55·57 Lower
DR (km) – 129·5 – 129·5 –
E. claviformis IRStruct 0·25 0·92 0·92 0·70 Higher
IRMig 0·08 0·33 0·33 0·25 Lower
Nem 67·9 10·82 20·37 33·03 Higher
DR (km) 118·63 151·02 272·78 180·81 –
S. atromaculatus IRStruct 0·42 0·75 0·83 0·67 Higher
IRMig 0·25 0·50 0·75 0·50 Higher
Nem 53·25 16·78 4·54 24·86 Higher
DR (km) 148·96 171·91 294·86 205·24 –
E. parvipinne IRStruct – – 0·92 0·92 Higher
IRMig – – 0·50 0·50 Higher
Nem – – 15·10 15·10 Higher
DR (km) – – 336·40 336·40 –
Region average IRStruct 0·42 0·73 0·77 – –
IRMig 0·21 0·31 0·42 – –
Nem 58·83 34·51 31·96 – –
DR (km) 119·23 154·38 302·07 – –
IRStruct, The number of distinct genetic clusters divided by the number of sample sites; IRMig, the number
of sites with total Nem < 1, divided by the number of sample sites.
†Calculated from Migrate results as average total immigrant gene flow per generation from all other sites
in the drainage using the equation 0·25 M𝛩.
3·12 isolated sites per drainage) consisting of S. atromaculatus and E. parvipinne
(Table III).
M E T H O D C O M PA R I S O N
Patterns derived from the results of the two independent data analyses, Structure and
Migrate, were very similar to one another. There was a significant positive relationship
between IRStruct values and IRMig values (ANOVA: F1,22 = 7·18, 0·05>P> 0·01,
r2 = 0·246, coefficient= 0·401± 0·31), indicating an agreement in isolation patterns
and a significant negative relationship between IRStruct values and average total
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Fig. 3. Relationships between the Structure derived variable IRStruct, and (a) Migrate derived variables IRMig and
(b) average total immigrant Nem per site from six headwater species in three regions. Data points are from
individual drainages within regions and high ( ) and low ( ) isolation groupings for species follow IRStruct
designations.
immigrant Nem per site values (ANOVA: F1,22 = 8·80, P< 0·01, r2 = 0·286, coeffi-
cient=−55·27± 38·64), indicating lower gene flow rates in drainages that Structure
identified as having a higher rate of isolation (Fig. 3). While the general patterns of
the two summary statistics were in agreement, IRStruct consistently produced higher
values than IRMig (Table III, Fig. 3). A species pattern that deviated slightly from the
overall trend was found in E. claviformis, in which values of IRStruct across regions
were much higher than values of IRMig, causing them to be placed in the low-isolation
grouping based on IRMig values and the high-isolation grouping based on IRStruct
values (Table III). This switch in group assignment with E. claviformis was the only
difference in species placement using the three variables from the different statistical
programs, as all others were identical across variables.
D R A I NAG E S I Z E E F F E C T S
There were positive relationships between IRStruct and drainage size (indicated by
average DR between sites) and IRMig and drainage size, indicating that the number of
isolated clusters or sites within regions increased with increasing network pathway dis-
tance between sites (Fig. 4). However, significance tests indicate that IRMig (ANOVA:
F1,22 = 4·39, 0·05>P> 0·01, r2 = 0·166) was a better predictor than IRStruct (ANOVA:
F1,22 = 3·15, P> 0·05; r2 = 0·125) for the relationship. Slopes for the two relation-
ships were very similar to one another (IRStruct coefficient= 0·00112± 0·00130, IRMig
coefficient= 0·00104± 0·00103) and therefore both independently derived variables
converged on the same relationship between drainage size and genetic isolation in the
datasets.
G RO U P C O M PA R I S O N S
There were no significant differences in gene flow between the four species sampled
in the LMR region, F. olivaceus, E. artesiae, E. claviformis and S. atromaculatus,
(ANOVA: F3,236 = 1·48, P> 0·05) with all four species exhibiting comparably high
rates of gene flow (Fig. 4). In the GCP region, F. olivaceus had a significantly higher
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Fig. 4. Relationships between drainage size (average river distance between sites; DR) and the isolation statistics
(a) IRStruct and (b) IRMig. Data points are from individual drainages within regions and high ( ) and low
( ) isolation groupings for species follow IRStruct designations.
gene flow pattern than the other three species, E. claviformis, S. atromaculatus and
E. parvipinne (ANOVA: Welch’s F3,124·71 = 17·81, P< 0·001; Games-Howell: F. oli-
vaceus individual pairings with other three species all with P< 0·001, all other pairings
with P> 0·05) (Fig. 5). In the WH region, analysis revealed two groupings in the data,
a high gene-flow group, F. olivaceus and E. whipplei and a low gene-flow group,
E. claviformis and S. atromaculatus (ANOVA: Welch’s F3,128·26 = 9·23, P< 0·001;
Games-Howell: F. olivaceus and E. claviformis 0·05>P> 0·01, F. olivaceus and
S. atromaculatus 0·05>P> 0·01, E. whipplei and E. claviformis P< 0·01,
E. whipplei and S. atromaculatus P< 0·01, all other comparisonsP> 0·05) (Fig. 5). For
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Fig. 5. Mean (+S.D.) gene-flow patterns (logNem) across six headwater fish species and three regions: the lower
Mississippi River ( );Gulf Coastal Plain ( );White River ( ). Letters a, b, and c correspond to individ-
ual regional ANOVA analyses and numbers associated with letters correspond to groups with significant
differences in gene-flow distributions in those regional analyses. Ecl, Erimyzon claviformis; Fol, Fundu-
lus olivaceus; Sat, Semotilus atromaculatus; Ear, Etheostoma artesiae; Epa, Etheostoma parvipinne; Ewh,
Etheostoma whipplei.
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F. olivaceus, there was no regional effect on gene flow rates, with comparably high
gene flow in all regions (ANOVA: F2,177 = 1·53, P> 0·05). For both E. claviformis
and S. atromaculatus, there was significantly higher gene flow in the LMR region than
in the GCP and WH regions (S. atromaculatus: ANOVA: Welch’s F2,103·93 = 12·72,
P< 0·001, Games-Howell: LMR and GCP P< 0·001, LMR and WH 0·05>P> 0·01,
GCP and WH P> 0·05; E. claviformis: ANOVA: Welch’s F2,114·71 = 17·51, P< 0·001,
Games-Howell: LMR and GCP P< 0·001, LMR and WH P< 0·001, GCP and WH
P> 0·05).
DISCUSSION
Structure analyses generally confirmed the prediction that all of the headwater
species would exhibit nested, hierarchical population structure reminiscent of the
SHM. However, IRStruct, IRMig and ANOVA analyses of total immigrant gene flow also
clearly indicated differences in this pattern across groups of species and regions. Sig-
nificant regional effects were only detected in the S. atromaculatus and E. claviformis
datasets, with both exhibiting higher rates of gene flow in the LMR region compared
with the other two regions. Structure analyses also indicated greater inter-drainage gene
flow in this region for F. olivaceus, S. atromaculatus and E. claviformis, as individual
drainages in this region did not separate into distinct genetic clusters until the second
hierarchical round of analysis. This region had the lowest average distance between
sites, which probably contributed to these patterns for these species. Additionally,
the prediction that drainage size (average distance between sites) would be related to
isolation patterns was supported by the data when analysed with all species. However,
this result was largely driven by the high-isolation group species and relationships
between isolation and river distance appear different in the low-isolation group species
(Fig. 4). These results are in agreement with previous analyses that identified FST
based isolation by distance effects being present in only some of these species and
not present in others (Schmidt & Schaefer, 2017). In addition to distance, there were
multiple other variables that could interact to contribute to isolating effects in the GCP
and WH regions for some of these species such as slope, soil type, land cover and
water chemistry (Huey et al., 2008; Cook et al., 2011; Waters et al., 2015) and further
analyses or studies are necessary to examine other specific mechanistic effects.
One probable influence on the difference in isolation patterns between species groups
is niche breadth along the linear stream size gradient. Fundulus olivaceus is the least
obligate headwater species studied and can be found in both headwaters and larger trib-
utaries of the sample drainages and in other drainages in their range they have switched
their preferred habitat from small streams to larger main stems, which could indicate
the latent ability to persist or adapt to such large-river conditions in other populations
(Duvernell & Schaefer, 2014). Regarding niche breadth in the other species, E. arte-
siae and E. whipplei) are not strict headwater specialist species with high occurrence
rates in medium sized streams, followed by E. claviformis, S. atromaculatus and E.
parvipinne, which have increasing rates of headwater specialization in that order (Ross,
2001; Schmidt & Schaefer, 2017). These occurrence patterns strongly influenced group
placement in the study with increasing headwater specialization leading to increased
likelihood of placement in the high-isolation grouping, with group placement shifting
at E. claviformis. A wider niche would likely indicate dispersal ability across larger
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streams, leading to lower divergence rates between populations and decreased isolation
rates across a region (Schmidt & Schaefer, 2017). Niche breadth could also influence
gene flow patterns through the presence of populations in further downstream sections
acting as buffers to genetic isolation in headwaters. Such intermediate populations
along the river continuum tend to have higher genetic diversity than headwater popu-
lations in dendritic networks and could supply alleles to headwaters through upstream
dispersal (Paz-Vinas & Blanchet, 2015). Applying the pattern seen in these six head-
water species more broadly suggests that having a narrower niche breadth along the
stream continuum and being more specialized in headwater habitats probably leads
to increased hierarchical genetic isolation across a landscape prior to any additional
stressors relevant to specific regions or species.
The distribution of species–populations and their associated movement patterns
in rivers tend to be influenced by both neutral theory directed dispersal limitation
processes and niche theory directed species sorting processes (Leibold et al., 2004;
Shurin et al., 2009). Species sorting processes, where environmental conditions act
as a filter for community composition, are thought to be most influential in headwater
habitats (Brown & Swan, 2010; Carvalho & Tejerina-Garro, 2014; Heino et al.,
2015). Physical characteristics of headwater streams also tend to be highly variable
on temporal and geographic scales within regions (Mykrä et al., 2004; Al-Chokhachy
et al., 2010; Harden et al., 2010). Species with specific associated headwater habitats
that are less variable within drainages (either across distinct streams or along the
upstream–downstream gradient) could potentially have decreased rates of genetic
isolation due to increased rates of stream occupation across a region and decreased
network distances between populations. While further studies of habitat availability,
stream occupation and habitat preferences are needed for confirmation, this dataset par-
tially suggests this relationship and therefore might support the prediction that genetic
isolation differences between species are relatable to specific ecological traits. In the
high-isolation group, S. atromaculatus (preference for root wad pools) and E. parvip-
inne (preference for leaf litter) require stream conditions that are narrow and forested,
which presumably will have high rates of change in the downstream direction along
the river continuum (Table I). Conversely in the low-isolation group, F. olivaceus has a
preference for stream margins and backwaters and this habitat type is more likely to be
stable in both upstream and downstream sections of the river continuum. Further infor-
mation on habitat distributions and occupancies within the regions are needed for E.
artesiae,E. whipplei andE. claviformis to determine if these species also fit this pattern.
The two statistical methods produced similar results through summary statistics and
groupings, confirming inferences made on the isolation patterns in the dataset. The
switch in grouping placement for E. claviformis for IRMig appears to be due to the
cut-off value of total immigrant gene flow for designated isolated sites being set at one,
as total immigrant gene flow patterns for this species indicate low values that were
close to one but were slightly larger.
The low genetic diversity values of S. atromaculatus in the GCP region are compa-
rable with those obtained for threatened and endangered cyprinid species (Sousa et al.,
2010; Hanna et al., 2015). Additionally, the genetic diversity values found in this region
are lower than those previously reported in other parts of its range (Hudman & Gido,
2013). Further studies including more populations are needed, however, these results
indicate that S. atromaculatus may currently or historically have suffered population
decline in the region and could possibly still be at risk in this portion of its range.
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Historical patterns of gene flow and drainage colonization are probably an influence
in comparative genetic analyses such as this (Husemann et al., 2012). Phylogeographic
information is lacking for most of these species, but analyses for F. olivaceus indicate
low levels of genetic structure across its range (Duvernell et al., 2013). This type of pat-
tern is consistent with a recent range expansion and colonization of drainages, which
could influence trends seen in this study examining within drainage isolation patterns.
If F. olivaceus has a shorter residence time in these drainages compared with the other
species, then the time for divergence for microsatellite alleles within regions would
be reduced, which could affect observed isolation rates regardless of recent dispersal
patterns. Therefore, F. olivaceus having a lower isolation rate in these regions is prob-
ably a combined effect of the ecological traits for the species and historical effects of
residence time in the drainages. It is likely that each of the other species has their own
unique historical colonization pattern and residence time in the drainages, which could
also affect those within drainage isolation patterns as well.
This study demonstrates that nested, hierarchical population structure is common
across a phylogenetically diverse group of headwater fishes, with upper levels of
structure following regional and drainage differences and lower levels of structure
following specific systems within drainages. It also demonstrates a useful method
for comparing results from commonly used population genetic techniques across
regions and groups, with observed patterns from different techniques being similar
in this study. The genetic patterns were relatable to broad geographic and ecological
traits, which are useful for understanding factors that promote isolation in headwater
systems. Isolation tended to increase in larger drainages for all species combined and
having a narrower niche breadth along the stream continuum led to increased genetic
isolation across regions, confirming similar results from other analyses and extending
isolation patterns across regions with paired drainages (Schmidt & Schaefer, 2017).
These results also suggest that there may be a link between the presence and variability
of preferred habitat along the stream continuum and hierarchical genetic isolation
across regions containing river networks.
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Supporting Information
Supporting Information may be found in the online version of this paper:
Table S1. Locality and species composition of sample sites across three headwater
regions (Figs 1 and 2).
Fig. S1. Fundulus olivaceus Structure analysis. Numbers indicate different analyses;
brackets and arrows indicate population inclusion into next level of analysis; rectangles
indicate panmixia (K = 1).
Fig. S2. Semotilus atromaculatus Structure analysis (1 of 2). Numbers indicate dif-
ferent analyses; brackets and arrows indicate population inclusion into next level of
analysis; rectangles indicate panmixia (K = 1).
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Fig. S3. Semotilus atromaculatus Structure analysis (2 of 2). Numbers indicate dif-
ferent analyses; brackets and arrows indicate population inclusion into next level of
analysis; rectangles indicate panmixia (K = 1).
Fig. S4. Erimyzon claviformis Structure analysis. Numbers indicate different anal-
yses; brackets and arrows indicate population inclusion into next level of analysis;
rectangles indicate panmixia (K = 1).
Fig. S5.Etheostoma artesiae Structure analysis. Numbers indicate different analyses;
brackets and arrows indicate population inclusion into next level of analysis; rectangles
indicate panmixia (K = 1).
Fig. S6. E. whipplei Structure analysis. Numbers indicate different analyses; brackets
and arrows indicate population inclusion into next level of analysis; rectangles indicate
panmixia (K of 1).
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